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Abstract. Mechanical properties (Young's modulus and hardness) of TE-Ni,Cu (TE = Ti, Zr and Hf) 
amorphous alloys increase approximately linearly with Ni, Cu fraction, x, over a wide composition range 
(fraction of Ni, Cu atoms  66 %). This correlates with the observed increase of the Debye temperatures with 
x and shows that the strength of interatomic bonding increases with x in these alloys. The thermal stability 
(e.g. the crystallization temperatures) of these alloys also increases with x, thus with increasing interatom-
ic bonding. Since in all these alloys the electronic density of states at the Fermi level, N(EF), decreases li-
nearly with x within the same x-range, a very simple relationship exists between the electronic structure 
and mechanical and thermal properties. We also estimate the mechanical properties of amorphous TEs (by 
extrapolating the properties of alloys to x = 0) and compare them with those of crystalline TEs.  
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INTRODUCTION 
Amorphous TE-TL alloys (TE = Ti, Zr, Hf and TL = Co, 
Ni, Cu) have been extensively studied1 and interest in 
these alloys further increased upon the discovery of TE-
TL based bulk metallic glasses (BMG).2 These alloys 
show wide glass-forming range (fraction of TL atoms 
usualy 20–70 %) which enables detailed study of the 
change in the electronic structure and properties on 
alloying, thus a thorough comparison between the mo- 
del and experiment.3 
In nonmagnetic amorphous TE-TL alloys the 
properties that are directly related to electronic density 
of states (DOS) show often linear variation with TL 
fraction1,3–7 This finding correlates with Ultraviolet 
photoemission spectroscopy (UPS) results1,8 which 
showed that in these alloys DOS at the Fermi level (EF), 
N(EF), is dominated by TE d-states and is reduced on 
increasing TL fraction. Therefore, the effect of alloying 
with TL can be approximated with the dilution of 
amorphous TE.6 Thus, one can extrapolate the data for 
glassy TE-TL alloys to zero TL fraction in order to 
deduce the properties of amorphous (a) TE. This me-
thod has been used in order to obtain the N(EF) and 
probable local atomic structure of a-Ti and a-Zr.3 More 
recently the same approach has been used in order to 
obtain the atomic volumes of a-TE7 and magnetic and 
superconducting properties of a-Zr.9 The obtained pa-
rameters for a-TE agree well with those calculated for 
cubic crystalline phases of these metals10 and are quite 
different from those of stable crystalline phases (hcp) of 
TEs. This result is plausible since the amorphous (ran-
dom) atomic arrangement is incompatible with a high 
anisotropy of the hcp lattice. 
Very recently, a simple relationship between the 
electronic structure (DOS) and mechanical (Young's 
modulus and hardness) and thermal properties of glassy 
Zr-TL alloys has been found.11 This finding is quite 
surprising since the observations of a direct relationship 
between the mechanical properties (especially hardness) 
of materials and their electronic band structure are very 
rare.12,13 Therefore, it is of interest to check whether 
similar relationships exist in other glassy TE-TL alloys, 
or not. Unfortunately, most of the results for TE-TL 
metallic glasses are obtained on Zr-TL alloys, so that a 
comparison between the alloy systems based on differ-
ent TE is rarely possible.3,7,14,15 Here, we report new 
results for mechanical properties (Young's modulus and 
hardness) of several Ti-Cu and Hf-Cu glassy alloys and 
combine these results with the literature data for me-
chanical properties, Debye temperatures3 and thermal 
stability of Ti-TL and Hf-TL alloys in order to see how 
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a change of TE (Ti → Zr → Hf) affects these properties 
of glassy TE-TL alloys. We also estimate some parame-
ters of hypothetical pure a-TE and compare them with 
those of crystalline TE. 
 
EXPERIMENTAL 
The Hf100–xCux (30  x  60) and Ti100–xCux (x = 35 and 
50) glassy alloys were prepared in a form of ribbons by 
melt spinning of master alloys with a predetermined 
composition in either pure Ar16 or He17 atmosphere. 
Controlled casting conditions resulted in ribbons with 
nearly the same cross-sections (≈ 2 × 0.025 mm2) and, 
thus, with probably the same degree of quenched in 
disorder. As-cast samples were used for actual mea-
surements and their amorphousness was verified by  
X-ray diffraction.15 
The microhardness, Hv, was measured at room 
temperature using a standard E. Leitz (Wetzlar, Germa-
ny) Miniload II apparatus supplied with a 136° diamond 
pyramid indenter.12 A load of 0.981 N was used and the 
loading time was 10 s.11 The average value of micro-
hardness is obtained from ten or more indentations on 
each studied sample, and the standard deviation was 
about 5−10 % of the mean value. The measurements 
were performed on the shiny (upper) surface of the 
ribbons, but occasional checks on the lower surface (in 
contact with roller) gave the same Hv values. Altogeth-
er, six different alloys with 30  x  60 were measured. 
The values of Hv measured in kgf /mm2 were converted 
in Pa units by multiplying results in kgf /mm2 with 
9.81×106. 
The Young's modulus, E, was calculated from the 
relationship E = ρvE2 where ρ is the density of the alloy 
and vE the velocity of ultrasonic waves along the ribbon. 
vE was measured with a pulse-echo technique at room 
temperature.11 The density, ρ, of the samples was meas-
ured by the Archimedes method.6 The estimated error 
was around 2 %. 
The experimental procedures used to obtain the li-
terature data for mechanical properties and thermal 
stability can be found in original papers. 
 
RESULTS AND DISCUSSION 
As pointed out in the Introduction, the band structure of 
amorphous TE-TL alloys results in DOS with d-states of 
TE at EF and those of TL well below EF.1,8 Such DOS 
combined with weak tendency for the formation of che-
mical short range order (CSRO) at TL fraction x  653,7 
yields approximately linear decrease of N(EF) with in-
creasing x of TL. 
In superconducting alloys the value of N(EF) can 
be obtained from the measurements of low temperature 
specific heat (LTSH) and superconducting transition 
temperature, Tc.3,9,15 LTSH yields the Debye tempera-
ture, θD , and dressed DOS at EF, Nγ(EF) = (1 + λep) 
N(EF) (with λep the electron-phonon enhancement), 
while Tc via the McMillan equation18 enables the calcu-
lation of λep. Nγ(EF) can also be calculated from the 
normal state resistivity, density, and the temperature 
dependence of the upper critical field, Hc2(T).15 As 
shown in the upper part of Figure 1, Nγ(EF)3,15 for all 
TE-TL glassy alloys decreases linearly with the increase 
of TL fraction. Since ep also decreases aproximately 
linearly3 with x the variation of N(EF) in TE-TL alloys is 
qualitatively the same as that of Nγ(EF) (Figure 1). The 
Nγ(EF) values in Figure 1 decrease in order Ti→Zr→Hf 
alloys which is mainly due to increasing bandwith in the 
same order.10 At lower TL fractions (x) N(EF) values of 
Ti and Zr-base glassy alloys are sizably larger3 than 
those of pure crystalline (hcp) Ti and Zr.10 This en-
hancement of N(EF) in glassy state of TE is due to ab-
sence of local minimum in DOS at EF which occurs in 
stable (hcp) phases of crystalline TE and is absent in 
cubic phases (fcc, bcc) of the same metals.10 Thus, the 
 
Figure 1. a) Young's modulus E of Zr100–xCux (□),11
Zr100–xNix (),11 Ti100–xCux (),19 Ti60Ni40 (),20 Hf100–xCux
 ( ), Ti65Cu35 ( ) and (full symbols) of bulk metallic glasses 
Hf34Cu66 (),21 Zr50Cu50 (■)22 and Z36Cu64 (■)23 alloys vs. 
fraction of Cu,Ni atoms, x. E of pure (α) Ti, Zr and Hf are also 
shown. b) Dressed densities of states Nγ(EF) per atom
of  Zr100–xCux (□),3 Zr100–xNix (),3 Ti100–xCux (),3 Ti100–xNix
()3 and Hf100–xCux ()15 alloys vs. fraction of Cu or Ni 
atoms, x, expressed in percents. 
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absence of a hcp atomic arrangements in a-TEs and 
their alloys has profound influence on their DOS and 
interatomic bonding, hence affects all properties of 
glassy TE-TL alloys.3,7,9,11,15 
In Figure 1 we compare the variations of the 
Young's modulus, E, in TE-TL glassy alloys with TL 
fractions x (lower part of the Figure)11,19–23 with those of 
Nγ (EF) with x (upper part). In all alloy systems a linear 
decrease of Nγ(EF) (also N(EF) at least in Zr and Ti-base 
alloys)3,11 is accompanied with approximately linear 
increase of E with x. Thus, a simple relationship be-
tween DOS at EF and stiffness (E) first observed in Zr-
TL metallic glasses11 seems to hold also for other TE-
TL glassy alloys. 
In binary amorphous metal-metal alloys such as 
the TE-TL glassy alloys the dense random packing of 
constituent atoms3,7,9 suggests direct link between their 
Young's modulus and strength of interatomic bond-
ing.11,24 Thus, approximately linear increase of E with x 
implies an increase in the strength of bonding which 
correlates with the simultaneous decrease of DOS at EF 
(Nγ(EF), N(EF)) with x (Figure 1). Accordingly, the en-
hanced DOS at EF in a-TE yields Young's modulus 
which is strongly reduced with respect to that of corres-
ponding crystalline TE (Figure 1). Therefore, in contrast 
to recent claim,25 the values of E for TE-TL metallic 
glasses cannot be calculated as a suitable average of 
those for pure crystalline TE and TL. The estimated 
values for E of a-TEs (Figure 1) are some 50 % lower 
than those of corresponding crystalline TEs. 
Since the amorphous alloys are approximately iso-
structural (there are no qualitative differences between 
different random atomic arrangements) their vibrational 
spectra should be quite similar,24 thus their Debye tem-
peratures, θD, should be directly related to the strength 
of interatomic bonding. Indeed as illustrated in Figure 2 
the variations of θD for Zr-TL and Ti-TL glassy alloys 
with TL fraction are qualitatively the same as that of E 
with x (Figure 1) for the same alloy systems. The extra-
polated values of θD for a-Zr and a-Ti are much lower 
than those of crystalline Zr and Ti (Figure 2) which 
demonstrates weak interatomic bonding in a-TEs. The 
rate of increase of θD with x in Ti-TL alloys is lower 
than that in Zr-TL alloys. This is due to increase of the 
average ionic mass with x in the former system. 
The absence of extended crystal defects (thus, the 
absence of crystal-slip mechanisms)26 in metallic 
glasses leads to very large hardness, Hv, and also to 
direct relationship between Hv and the strength of inte-
ratomic bonding. Thus, Hv of TE-TL glasses should 
increase with the increase of TL fraction, x, within  
the explored range. In spite of considerable scatter  
of the data (inherent to measurements of Hv) Figure 3 
shows clearly that Hv increases with x(TL) for  
all TEs.11,20,21,23,27 Furthermore, for the same TL = Cu 
fraction, the magnitudes of Hv of Ti-Cu and Hf-Cu glas-
sy alloys are larger than those of corresponding Zr-Cu 
alloys which is consistent with higher E of the former 
alloys (Figure 1). Since in metallic glasses both Young's 
modulus and hardness reflect the strength of interatomic 
bonding there should be proportionality between Hv and 
E in these materials.11,20 Indeed, as shown in the inset to 
Figure 3 there is an approximate proportionality be-
tween Hv and E in TE-TL glassy alloys.11,19–21,23 
Since the amorphous alloys are macroscopically 
homogenous and isotropic systems, their elastic con-
stants are correlated. Thus, the shear modulus, G, and 
the bulk modulus, B, can be calculated from known E 
and Poisson ratio σ.9,11 Furthermore, very little variation 
of σ in alloys20 leads to proportionality between the elas-
tic constants E, G and B in glassy alloys.9,11 Therefore, 
 
Figure 2. Debye temperatures of Zr100–xCux (□),3 Zr100–xNix
(),3 Ti100–xCux ()3 and Ti100–xNix ()3 alloys vs. fraction of
Cu or Ni atoms, x, expressed in percents. D of pure (α) Ti and
Zr are also shown. 
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Figure 3. Microhardness Hv of Zr100–xCux (□),11 Zr100–xNix
(),11 Ti100–xCux (),27 Ti60Ni40 (),20 Zr36Cu64 (■),23
Hf34Cu66 (),21 Ti100–xCux ( ) and Hf100-xCux ( ) alloys vs.
fraction of Cu or Ni atoms, x, expressed in percents. In the
inset microhardness Hv of Zr100–xCux (□),11 Zr100–xNix (),11
Ti100–xCux (),19 Ti60Ni40 (),20 Hf100–xCux ( ), Ti65Cu35 ( )
alloys and (full symbols) of bulk metallic glasses Hf34Cu66
(),21 and Z36Cu64 (■)23 vs. E. 
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in TE-TL alloys Hv is proportional to all elastic con-
stants and simultaneously all elastic constants and Hv 
show simple relationship with the electronic structure 
represented by DOS at EF. This finding differs markedly 
from the situation encountered in TE carbonitrides13 
where Hv is proportional to G only. As discussed else-
where, this difference is associated with a more com-
plex electronic structure of TE carbonitrides.11 Taken 
together, all mechanical properties and Debye tempera-
tures of TE-TL glassy alloys indicate large reduction in 
the strength of interatomic bonding on approaching pure 
a-TEs. 
We expect that this progressive weakening of the 
interatomic bonding in TE-TL alloys on decreasing TL 
fraction (x) affects their thermal stabilities and glass-
forming abilities.28 Indeed, as shown in Figure 4 the 
variation of the first crystallization temperatures Tx of 
all glassy TE-TL alloys with x support this prediction. 
In particular, the available literature data11,27-31 for Tx 
decrease rapidly with decreasing the fraction of TL. The 
progressive decrease of thermal stability as x→0 (Fig- 
ure 4) is accompanied with rapid decrease of glass- 
forming ability (GFA)11,20 with result that TE-TL metal-
lic glasses with x  18 have not been prepared so 
far.3,7,26 The findings from Figure 4 extend the simple 
relationship between the electronic structure (Figure 1) 
and mechanical properties also to thermal stability and 
GFA of TE-TL glassy alloys. 
 
CONCLUSION 
Recent analysis11 of the relationship between the elec-
tronic structure and mechanical and thermal properties 
of Zr100–xTLx glassy alloys (20  x  70) has been ex-
tended to include corresponding Ti-TL and Hf-TL al-
loys. New results for mechanical properties of these 
alloys have been combined with literature data in order 
to obtain an insight into the electronic structure/mecha- 
nical property relationship for all TE-TL metallic glasses. 
Both Young's modulus and hardness (Figures 1 
and 3) and the Debye temperatures (Figure 2) of TE-TL 
glassy alloys increase with the increase of TL fraction 
(x). Due to amorphous atomic structure and the absence 
of crystal slip all these properties reflect the strength of 
interatomic bonding. Thus, low extrapolated elastic 
moduli and Debye temperatures of amorphous (a) TEs 
compared to those of their stable crystalline modifica-
tions indicate very weak interatomic bonding in a-TEs, 
atypical of transition metals. This softening of the inte-
ratomic bonding on decreasing x probably affects the 
thermal stability (Figure 4) and the glass forming ability 
of TE-TL alloys which rapidly decrease as x→0. 
Rather simple electronic structure of TE-TL me-
tallic glasses1,3,8 results in simple variations of their 
several properties with the composition. This enables 
one to predict the properties of as yet unprepared 
amorphous alloys, including those of pure amorphous 
TEs. Since many bulk metallic glasses (BMG) are based 
on TE and TL components the results of systematic 
studies of binary TE-TL metallic glasses may be useful 
for the understanding and developement of such BMGs. 
 
Acknowledgements. The samples Hf70Cu30, Hf60Cu40 and 
Hf40Cu60 have been prepared by Dr. L. Varga and Dr. I. Ba-
konyi from the Research Institute for Solid State Physics and 
Optics, Hungarian Academy of Sciences. This work was 
supported by the Croatian Ministry of Science, Education and 
Sports projects nos. 119-1191458-1019 and 035-0352827-
2841. 
 
REFERENCES 
1. H. Beck and H.-J. Güntherodt (Eds.), Glassy Metals III. Topics 
in Applied Physics, Vol 72, Springer, Berlin, 1994. 
2. A. Inoue, W. Zhang, T. Zhang, and K. Kurosaka, Acta Mater. 49 
(2001) 2645−2652.  
3. I. Bakonyi, J. Non-Cryst. Solids 180 (1995) 131−150 and refer-
ence therein. 
4. I. Ivkov and E. Babić, J. Phys.: Condens. Matter 2 (1990) 
3891−3896. 
5. Ž. Marohnić, E. Babić, M. Guberović and G. J. Morgan, J. Non-
Cryst. Solids 105 (1988) 303−306. 
6. E. Babić, R. Ristić, M. Miljak, M. G. Scott, and G. Gregan, Solid 
State Commun. 39 (1981) 139−141; E. Babić , R. Ristić, M.  
Miljak, and M. G. Scott, in: T. Masumoto and K. Suzuku (Eds.), 
Proc. 4th Int. Conf. On Rapidly Quenched Metals, Sendai, 1982, 
pp. 1079−1082. 
7. I. Bakonyi, Acta Mater. 53 (2005) 2509−2520. 
8. P. Oelhafen, E. Hauser, and H.-J. Güntherodt, Solid State Com-
mun. 35 (1979) 1017−1019. 
9. R. Ristić and E. Babić, Mater. Sci. Eng. A 449-451 (2007) 
569−572; R. Ristić and E. Babić, Fizika A 14 (2005) 97−106. 
10. I. Bakonyi, H. Ebert, and A. I. Liechenstein, Phys. Rev. B 48 
(1993) 7841−7849. 
11. R. Ristić, M. Stubičar, and E. Babić, Philos. Mag. 87 (2007) 
5629–5637 and reference therein. 
12. M. Stubičar, M. Očko, J. L. Sarrao, N. Stubičar, and Ž. Šimek, 
Croat. Chem. Acta 78 (2005) 627−632. 
 
Figure 4. The first crystallization temperature Tx of Zr100–xCux
(□),11,30 Zr100–xNix (),11,31 Ti100–xCux (),27 Hf100–xCux ( )29
and Hf100–xCux ()28 alloys vs. fraction of Cu or Ni atoms, x,
expressed in percents. 
0 20 40 60
600
800
T x
 / 
K
x (Cu,Ni)
R. Ristić et al., Properties of TE-TL Metallic Glasses 37 
Croat. Chem. Acta 83 (2010) 33. 
13. S. H. Jhi, J. Ihm, S. G. Louie, and M. L. Cohen, Nature 399 
(1999) 132−134. 
14. S. Mankovsky, I. Bakony, and H. Ebert, Phys. Rev. B 16 (2007) 
184405 -1–15. 
15. E. Tafra, M. Basletić, R. Ristić, E. Babić, and A. Hamzić,  
J. Phys.: Condens. Matter. 20 (2008) 425215-1–5. 
16. A. Revesz, A. Cziraki, A. Lovas, J. Padar, J. Ledvai, and I. Ba-
konyi, Z. Metallkd. 96 (2005) 874−878.  
17. E. Babić, S. Butcher, R. K. Day, and J. B. Dunlop, in: S. Steeb 
and H. Warlimont (Eds.), Proc. 5th Int. Conf. On Rapidly 
Quenched Metals, Elsevier Science Publishers B.V., Amsterdam, 
1985, pp. 1157−1160. 
18. W. L. McMillan, Phys. Rev. 167 (1968) 331−344.  
19. L. A. Davis, C.-P. Chou, L. E. Tanner, and R. Ray, Scripta  
Metallurgica 10 (1976) 937−940. 
20. S. H. Whang, D. E. Polk, B. C. Giessen, in: T. Masumoto and  
K. Suzuku (Eds.), Proc. 4th Int. Conf. On Rapidly Quenched 
Metals, Sendai, 1982, pp. 1365−1368. 
21. G. Duan, D. Xu, and W. L. Johnson, Metall. Mater. Trans. A 36 
(2005) 455−458. 
22. J. Das, M. B. Tang, K. B. Kim, R. Theissmann, F. Baier, W. H. 
Wang, and J. Eckert, Phys. Rev. Lett. 94 (2005) 20550-1–4. 
23. D. Xu, B. Lohwongwatana, G. Duan, W. L. Johnson, and C.  
Garland, Acta Mater. 52 (2004) 2621−2624. 
24. A. Kuršumović, E. Babić, and H. H. Lieberman, Mater. Sci.  
Eng. A 133 (1991) 321–324. 
25.  W. H. Wang, J. Appl. Phys. 99 (2006) 093506-1–10. 
26. A. L. Greer, Science 267 (1995) 1947−1953. 
27. K. Cho, C. Hwang, C. Pak, and Y. Ryeom, J. Less-Common 
Metals 89 (1983) 223−228. 
28. I. A. Figueroa, H. A. Davies, I. Todd, I. A. Verduzco, and P. 
Hawksworth, Adv. Tech. Met. Mat. Proc. J. 8 (2006) 146−151. 
29. K. H. J. Buschow and N. M. Beckmans, Solid State Commun. 35 
(1980) 233−236. 
30. Z. Altounian, Tu Guo-hua, and J. O. Strom-Olsen, J. Appl. Phys. 
53 (1982) 4755−4760. 
31. Z. Altounian, Tu Guo-hua, and J. O. Strom-Olsen, J. Appl. Phys. 
54 (1982) 3111−3116. 
 
SAŽETAK  
Međuovisnost elektronske strukture, mehaničkih svojstava i  
stabilnosti amorfnih legura ranih i kasnih prijelaznih metala  
Ramir Ristić,a Emil Babić,b Mirko Stubičarb i Ahmed Kuršumovićc 
aOdjel za fiziku, Sveučilište Josipa Jurja Strossmayera Osijek, Trg Ljudevita Gaja 6,  
HR-31000 Osijek, Croatia 
 bFizički odsjek, Prirodoslovno-matematički fakultet, Sveučilište u Zagrebu, Bijenička c. 32,  
HR-10000 Zagreb, Hrvatska 
 cDepartment of Materials Science, Cambridge University, Pembroke Street,  
Cambridge CB2 3QZ, United Kingdom  
Elastičnost i tvrdoća amorfnih slitina tipa TE-Ni,Cu (TE = Ti, Zr i Hf) rastu približno linearno s udjelom (x) Ni i 
Cu u širokom kompozicijskom području (udjeli Ni,Cu atoma, x  66 %). Taj porast povezan je s porastom Debye-
vih temperatura istih slitina s x te pokazuje da jakost međuatomskog vezanja raste s x. Termička stabilnost tih sli-
tina (npr. temperature kristalizacije) također raste s x dakle s međuatomskim vezanjem. Budući da u svim tim sliti-
nama elektronska gustoća stanja na Fermijevoj razini N(EF) opada linearno s x, postoji vrlo jednostavna veza elek-
tronske strukture s mehaničkim svojstvima i stabilnosti amorfnih slitina TE-Ni,Cu. Ocijenili smo i mehanička 
svojstva amorfnih TE (ekstrapolacijom svojstava slitina u x = 0) te ih usporedili s onima kristalnih TE.  
